The formation of a trivalent conversion coating on aluminium has been investigated using analytical electron microscopy, atomic force microscopy, ion beam analysis, glow discharge optical emission spectroscopy, Raman spectroscopy and X-ray photoelectron spectroscopy. The coating is shown to comprise a chromium-and zirconium-rich outer layer and an aluminium-rich inner layer. Zirconium and chromium are present in chemical states consistent with ZrO 2 , ZrF 4 , Cr(OH) 3 , Cr 2 (SO 4 ) 3 , CrF 3 and CrO 3 or CrO 4 2− . However, negligible amounts of Cr(VI) species occurred in coatings formed in de-aerated solution. Electrochemical impedance spectroscopy revealed that the inner layer provides the main corrosion protection during short-term tests in 0.1 M sodium sulphate solution at room temperature.
Introduction
Chromate conversion coatings are widely used as protective coatings for high-strength aluminium alloys, such as AA 2024-T3, which are susceptible to pitting corrosion [1, 2] . However, due to the toxicity and high disposal costs of Cr(VI) compounds, alternative treatments are being sought, amongst which trivalent chromium conversion (TCC) coatings are considered promising [2] [3] [4] . A TCC coating bath generally contains ZrF 6 2 − , Cr 3 + and SO 4 2 − constituents in an aqueous solution with a pH of 3.8-4.0 and coating is undertaken at a temperature of 40°C [3, 5] . The bath is similar to those used for the formation of zirconium-based conversion coatings, but with an addition of a trivalent chromium salt [6] .
The resultant coatings on aluminium alloys have been reported to provide corrosion protection similar to that of chromate-based conversion treatments [7] . The coatings are considered to form by precipitation of an outer chromium-and zirconium-rich layer due to an increase of pH at sites of the usual cathodic reactions:
The pH at the coating surface can increase from 3.9 to 8.5 according to measurements using a tungsten microelectrode [8] . At the same time, aluminium is oxidized, forming an inner alumina film across the aluminium surface:
The alumina film dissolves by reaction with hydrofluoric acid [9] :
The dissolution is balanced by formation of fresh alumina at the aluminium/alumina interface. A high electric field is maintained across the alumina layer, which enables the outward migration of Al 3+ and inward migration of O 2− ions within the alumina and continued oxidation of the aluminium [10] . The relatively thin residual alumina film thickness permits electron tunnelling to support the cathodic reactions [11] . The coatings have been reported to contain hydrated chromium and zirconium oxides [12, 13] , which may play a role as a hydroxide ion conductor with ligand exchange with fluorine [14] .
Despite the absence of Cr(VI) species in the TCC coating bath, recent research has reported that Cr(VI) species are present in the coatings after ageing in air or following a corrosion test in sodium chloride solution at ambient temperature [5, 13, 15, 16] . The Cr(VI) species in coatings formed on zinc were suggested to result from oxidation of Cr(III) species by oxygen [15] . Other work considered the possibility of oxidation of Cr(III) species by hydrogen peroxide generated by the reduction of oxygen at copper-rich particles in an AA 2024 alloy in a sodium chloride solution [16] .
In the present work, the formation of a TCC coating on high purity aluminium is investigated. The substrate was selected as a relatively simple system compared with the AA 2024 aluminium alloy that has usually been used in the previous studies. High-resolution analytical electron microscopy is combined with glow-discharge optical emission spectroscopy (GDOES), atomic force microscopy (AFM), Rutherford backscattering spectroscopy (RBS), nuclear reaction analysis (NRA), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. The study focuses on the composition and morphology of the resultant coatings, and provides evidence for the formation of Cr(VI) species in the absence of copper-rich, second phase particles in the substrate. The corrosion protection afforded by the coating is investigated by electrochemical impedance spectroscopy.
Materials and methods

Materials and reagents
Specimens, with dimensions of either 30 × 24 mm or 30 × 12 mm, were cut from 99.99% aluminium sheet of ≈ 0.3 mm thickness and rinsed with acetone, ethanol and deionized water, each for 5 s. Individual specimens were then electropolished for 240 s in a 20% (v/v) perchloric acid (60 wt.%) and 80%(v/v) ethanol mixture below 10°C, using a potential of 20 V applied between the specimen and an aluminium counter electrode, followed by rinsing in deionized water and drying in a stream of cool air. They were then immersed in naturally-aerated SurTec 650 solution (1:4 v/v deionized water, pH = 3.9 (adjusted with 1% NaOH or 5% H 2 SO 4 )) at 40°C for times from 15 to 1200 s. The solution includes both Cr(III) and zirconium species. After removal from the coating bath, the specimens were immersed in deionized water at 40°C for 120 s and then rinsed in deionized water at room temperature, dried in a cool air stream, and finally aged in the ambient laboratory atmosphere at about 20°C, typically for 24 h, before being subjected to analysis or corrosion testing. The exposure to the ambient atmosphere is expected to result in further drying of the coating. Coatings were also formed in a solution that was de-oxygenated, by bubbling nitrogen for 1 h, in order to determine the influence of dissolved oxygen on the formation of Cr(VI) species.
Examination techniques
The open circuit potential (OCP) of the aluminium was measured during coating formation for 1200 s using a Solarton electrochemical workstation with a Modulab software controller. The exposed area of the coated surface was ≈ 2 cm 2 . Electrochemical impedance measurements were carried out on specimens coated for 60, 300 and 600 s from 10 5 to 10 − 2 Hz in 0.1 M Na 2 SO 4 solution at room temperature (≈ 20°C). The sulphate solution was selected to enable the electrochemical properties of the coated aluminium to be determined without the occurrence of pitting. The specimens were immersed in the solution for 30 min, before applying a sinusoidal potential waveform with an amplitude of 10 mV about the OCP. A three-electrode cell was employed, with a saturated calomel reference electrode (SCE) and a platinum wire counter electrode. EIS data were processed by ZView software (version 3.1, Scribner Associates, Inc.) to achieve the best fitting results.
The coatings were examined by scanning electron microscopy (SEM), using a Zeiss Ultra 55 instrument with an energy-dispersive X-ray spectroscopy (EDS) facility, operated at accelerating voltages of 3 and 15 kV. AFM was employed to record the coating topography, using a Dimension 3100 microscope with Nanoscope 3a controller (Bruker, Santa Barbara, USA) and TESPA tapping mode probes. The data were analysed by Nanoscope Analysis software (Version 1.5).
Transmission electron microscopy (TEM) was undertaken in a JEOL 2000 FX II instrument with an accelerating voltage of 120 kV. Electron transparent cross-sections of specimens were prepared using a LEICA EM UC6 ultramicrotome with a diamond knife [17] . The sections, of nominal thickness of 15 nm, were collected on nickel grids. Additionally, ≈30 to 40 nm thick sections were examined in a FEI Titan G2 80-200
ChemiStem instrument, equipped with four EDS detectors, operated at 200 kV. Elemental depth profiles through the coating thickness were determined using GDOES employing a GD-Profiler 2 instrument (Horiba Jobin Yvon), with a copper anode of 4 mm diameter, an argon pressure of 635 Pa, a power of 35 [18] . Three analyses were made for each specimen in order to ensure the reproducibility of the data.
Specimens were also analysed by RBS and NRA, using ion beams provided by the Van de Graaff generator at the University of Namur, Belgium. RBS employed 2.0 MeV 4 He + ions, with detection of scattered ions at 165°to the direction of the incident beam. Data were interpreted using the RUMP program. NRA employed the 16 O(d,p 1 ) 17 O reaction, using 850 keV 2 H + ions with the detection of protons at 150°to the direction of the incident beam. The 16 O contents of the specimens were determined by comparison of the proton yields with that from a reference specimen of anodized tantalum. The areas of the RBS and NRA analyses were ≈1 mm 2 . XPS spectra were acquired using a Kratos Axis Ultra DLD spectrometer, with monochromatic Al Kα radiation (hν = 1486.6 eV) operated at 150 W with a base pressure of 1.0 × 10 − 8 mbar. Charge neutralisation was achieved by low energy electrons produced by passing a current of 0.18 A through a linear filament located at the lower end of the electrostatic lens. Wide scan spectra were acquired for binding energies between 1200 and 0 eV at 80 eV pass energy and 0.5 eV step size. The data were quantified by measuring peak areas and using theoretical sensitivity factors [19] modified for the instrument geometry and the inelastic mean free path energy dependency [20] . The intensity/energy response of the instrument was determined following acquisition of spectra from copper, silver and gold [21] . High energy resolution spectra at 20 eV pass energy and 0.1 eV step size were acquired for chemical state determination, and peak fitting was employed to determine the position and intensity of overlapping photoelectron peaks. Charge referencing was relative to the hydrocarbon peak at 285.0 eV. All data processing was carried out using CasaXPS version 2.3.17 (Casa Software, Teignmouth, UK). The area of the XPS analysis was 700 × 300 μm.
Raman spectra were obtained using a Renishaw 2000 Raman instrument with an argon laser (514 nm, 12.5 mW power excitation). Before carrying out the examination, the laser was calibrated using the silicon peak at 520 cm −1 . The integration time was 30 s, with 10 times accumulation to avoid the effect of stray light noise. The analysed area was ≈1 μm in diameter.
Results and discussion
OCP measurements
The OCPs of aluminium during immersion for 1200 s in the naturally-aerated and de-aerated SurTec 650 solutions are shown in Fig. 1 . The potential for the former solution displays an initial rapid fall, a subsequent small peak at 85 s and a gradual rise to a relatively steady value. The minimum and final potentials are − 1.54 and − 1.50 V (SCE) respectively. Repeated measurements gave similar results. The initial fall in potential is due to thinning of the pre-existing oxide film on the aluminium surface, which enables the cathodic and anodic reactions to proceed. The initial decrease in potential of 0.35 V indicates thinning of the film by about 0.4 nm [11, 22] . The potential for the de-aerated solution displays a similar general trend to that of the naturally-aerated solution, but with slightly higher minimum and final potentials of − 1.51 and − 1.45 V (SCE). The OCP of the coated specimens after several seconds of immersion in the coating bath is far below the Cr(III)/Cr(VI) equilibrium potential (≈−1 V SCE ) [23, 24] , indicating that direct oxidation of Cr(III) ions on the aluminium substrate should not occur. Fig. 2 (a-c) shows scanning electron micrographs of the surface of the TCC-coated aluminium after treatments of 15, 120 and 600 s respectively, with subsequent post-treatment consisting of immersion in deionized water at 40°C for 120 s, rinsing in deionized water and storage in ambient air for 24 h. After 15 s, most of the surface is relatively featureless, although occasional areas reveal deposits of material with a nodular appearance ( Fig. 2(a) ). EDS analysis of the deposits indicates an atomic ratio of chromium to zirconium of ≈3, which compares with a ratio of ≈0.46 ± 0.03 in the adjacent coating material determined by later RBS analysis. A deposit was observed at the bottom of the vessel containing the coating solution after treating several specimens. However, SEM examination of the dried deposit revealed particles much larger than those on the coating surface, with an atomic ratio of chromium to zirconium of ≈ 0.1. A previous study of the role of hexafluorozirconate ions on the formation of CCCs on aluminium alloys also revealed the presence of nodules at the coating surface with a similar morphology to those of Fig. 2(a) , although the reason for their formation was not identified [25] . It has been noted in earlier work that zirconium species in solution can develop large agglomerates at pH 4.5 from a stable colloidal dispersion [26] . After treatment for 120 s, in addition to the nodular features, cracking and detachment of the coating are evident ( Fig. 2(b) ). The detachment was more extensive after treatment for 600 s, with the surface revealing both small and large areas of coating loss ( Fig. 2(c) ). The increased magnification image of Fig. 2(d) shows the details of a region of local detachment. About 2% of the aluminium surface was affected by coating detachment for times up to 300 s; by 600 s, the coating had detached from ≈ 25% of the surface. However, other specimens coated for 600 s that had not been rinsed in deionized water following formation of the coating revealed only localized detachment of the coating, similar in appearance to the small regions in Fig. 2(c, d) . Thus, the detachment from large areas is possibly associated with the rinsing procedure.
Morphology of the coatings and growth kinetics
The topographies of the electropolished aluminium and the TCC coatings formed for 15 and 300 s are displayed in the AFM images of Fig. 3(a-d) . The specimen treated for 15 s received a post-treatment consisting of immersion in deionized water at 40°C for 120 s, rinsing in deionized water and storage in ambient air for 24 h. However, the specimen treated for 300 s was examined immediately after formation of the coating, i.e. without subsequent immersion and rinsing in deionized water. The aluminium substrate in the non-coated condition reveals a furrowed surface due to the electropolishing pre-treatment ( Fig. 3(a) ), consistent with the earlier reports on the morphology of (110) surfaces [27, 28] . Following treatments for 15 and 300 s, a thin coating has formed, with the furrows of the original surface being faintly evident ( Fig. 3(b, c) ). Nodular deposits with similar dimensions and features to those revealed by SEM observation (Fig. 2(a) ) occur locally as individual or lines of particles. The linear features are possibly formed due to cracking of the coating followed by enhanced deposition of coating material at the exposed substrate. After 300 s, furrows were still evident ( Fig. 3(c) ) and cracks were also observed at some locations in the coating (see arrow in Fig. 3(d) ). The cracks were formed either during the growth of the coating and the subsequent drying of the specimen in air or in the brief interval between forming the coating and the examination by AFM.
Bright field transmission electron micrographs of cross-sections of the coated aluminium following treatments in the TCC bath for 15, 60, 120 and 300 s and the standard rinsing and immersion treatment, followed by storage in ambient air for 24 h, are shown in Fig. 4 (ad) respectively. At each of these times, the aluminium surface is covered by a coating of relatively uniform thickness. The main part of the coating material appears relatively dark due mainly to the presence of elements of high atomic number, later shown to be chromium and zirconium, compared with the aluminium substrate. The absence of diffracting regions suggests that the coatings have amorphous structures. The thickness of the coating increases with increase of the immersion time. The coating has a fine texture and contains crack or fissures, which are especially evident for the coating formed for the longest time. These features may result from the mechanical damage by the diamond knife during sectioning of the coating and dehydration of the coating in the microscope. However, their spacing within the coating was on a much finer scale than the cracks in the coating that were revealed by SEM and AFM, suggesting that they result mainly from damage during ultramicrotomy. A ≈2 nm-thick region of different appearance is present at the coating base, which is most easily observed in the specimens treated for 120 and 300 s. Later analyses indicate that this region consists of an aluminium-rich film, with negligible amounts of chromium or zirconium. Thus, the results of the TEM examination indicate that the coatings consist of two layers, with an inner layer that remains only a few nanometres thick and an outer layer that grows significantly in thickness as the time of immersion in the coating bath increases. Fig. 5 reveals that the coating thickness, determined from measurements on the ultramicrotomed coating cross-sections that were observed by TEM, increases with immersion time, reaching ≈ 93 nm after 600 s. The thickness measurements were made at The rate of thickening increases in the initial ≈ 60 s, and then progressively decreases at longer times. The average rate of growth is ≈ 0.27 nm s − 1 up to 300 s and ≈ 0.08 nm s − 1 between 300 and 600 s. Dardona et al. [29] reported a growth rate before 300 s of 0.4 nm s − 1 , which is reasonably similar to the present value of ≈ 0.3 nm s − 1 . A reduced growth rate after 300 s may arise from the impeded oxidation of aluminium due to reduced transport of species across the thickening coating. However, changes in the thickness and composition of the alumina layer at the base of the coating may also occur that reduce the rate of electron tunnelling and, hence, the rate of the cathodic reaction and the deposition of the coating material.
Composition of the coatings
GDOES elemental depth profiles of the coated aluminium after a TCC treatment for 300 s and the standard post-treatment are shown in Fig. 6(a, b) . The coating contains chromium, zirconium, oxygen, and carbon and sulphur species. The aluminium/coating interface, determined by the half height of the trailing edge of the oxygen signal, is marked by a dashed line. Whether or not aluminium is present in the coating is unclear because of the low intensity of the aluminium signal and the limited depth resolution of the analysis. Chromium and zirconium appear to be distributed throughout the coating thickness. The variations in the intensities of the chromium and zirconium signals within the coating may be due to changes in the coating composition and/or of the sputtering rate across the coating thickness. Carbon and sulphur also appear to be present at all regions of the coating, with an enhancement in the optical emissions near the substrate. However, later EDS mapping did not reveal an increase in the concentrations of these elements, suggesting that the intensity variations may arise from changes in the sputtering rate. A peak in the copper signal near the alloy/coating interface indicates an enrichment of the copper impurity in the aluminium substrate immediately beneath the coating.
EDS elemental maps of aluminium, oxygen, zirconium, chromium and fluorine in an ultramicrotomed cross-section of the previous specimen that was examined in the TEM are displayed in Fig. 7 . Most of the coating thickness appears to contain relatively uniform distributions of the elements, although the signal for aluminium is much lower than the signals from the other elements, indicating a relatively low concentration. However, a thin, fluorine-rich region, which also contains aluminium and oxygen, is present adjacent to the substrate. Fig. 8 presents the experimental and simulated RBS spectra for the aluminium after treatment in the TCC bath for 300 s followed by the standard post-treatment and further storage in laboratory air for 1 week before the analysis. The spectrum for the coated specimen shows peaks for oxygen, fluorine, sulphur, chromium, zirconium and hafnium in the coating; concerning the last, hafnium is an impurity in the zirconium reagent used in the bath formulation. The detection of sulphur in the coating is probably due to the presence of sulphate in the coating solution. Similar spectra were obtained for treatment times of 60 and 120 s apart from reductions in the magnitude of the peaks due to the presence of thinner coatings. The formation of the coating results in a displacement of the aluminium leading edge to a lower energy compared with the non-treated aluminium. The results of fitting of the spectra are given in Table 1 for specimens treated for times of 60, 120 and 300 s. The fitting used a two-layer model. The inner layer consisted of aluminium, oxygen and fluorine and the outer layer consisted of oxygen, fluorine, sulphur, chromium and zirconium, in agreement with the elemental distributions indicated by the EDS maps. The table also includes the results of the analyses of oxygen and carbon by NRA. The analysis of oxygen by NRA is more accurate than by RBS. Carbon and also hydrogen are too light to be detected by RBS. The coatings contain chromium and zirconium with an atomic ratio that did not change significantly for all treatment times, indicating that the species are added to the coating in relatively constant proportions as the thickness of the coating increases. The average value of the Cr:Zr ratio was ≈ 0.46 ± 0.03. In comparison, a TCC coating formed on AA 2024 alloy under cathodic polarization, using a different solution composition to the present one, was reported to consist of a hydrous oxide of composition Cr 2 O 3 •iH 2 O•x(ZrO 2 •jH 2 O) (i = 2.10 ± 0.55, j = 1.60 ± 0.45, and x = 0.85 ± 0.14) with a Cr/Zr ratio of 2.42 [30] . The composition was attributed to the fast deposition of positively-charged chromium (III) ions on the negatively-charged aluminium surface, while the hydrolysis of ZrF 6 2− ions limited the deposition of the zirconium species. The coating compositions, determined by RBS and NRA, and the coating thicknesses, determined by TEM, indicate that the average density of the coatings was ≈2.5 g cm −3 ( Table 2 ). The hydrolysis of chromium sulphate, which is a probable component of the coating solution is shown in Fig. 9 , based on the previously proposed hydrolysis of chromium chloride [3, 31] .
Chemical states of coating species
XPS analyses were carried out on a specimen treated in the TCC bath for 120 s followed by the standard post-treatment. The depth of analysis was ≈ 5 nm. The surface elemental concentrations are presented in Table 3 . The values in the second row are corrected for the carbonaceous over layer [32] . Fig. 10 shows the high resolution XPS spectra from the Al 2p and the Zr 3d photoelectron regions. Five peaks were used to fit the intensity in the region of 73.0 to 84.0 eV, including three peaks for Al 2p and two peaks for Cr 3s at 77.1 eV and 80.9 eV. The presence of aluminium oxide, oxyfluoride and fluoride is indicated by the Al 2p peaks at 74.7, 75.3 and 76.2 eV respectively. The Zr 3d region contains two spin orbit split doublets separated by 2.4 eV. With the intensity ratio of the Zr 3d 5/2 to Zr 3d 3/2 components fixed at 1.5:1, the peak fitting of Zr 3d 5/2 peak indicated chemical states consistent with ZrO 2 and ZrF 4 , with 95% of the zirconium being in the form of oxide [33] . Fig. 11 presents the high resolution spectra for (a) the C 1s and (b) the O 1s photoelectron regions. The fitting of the C 1s peak was achieved with a C-H or C-C group at 285 eV, a silicone group at 285.7 eV, a C-O group at 288.5 eV, a Si-O-C group at 287.6 eV, a C=O or O-C-O at 288.6 eV and a COOH group at 589.4 eV. Carbon contamination has previously been regarded to result from contaminants in the deionized water [34, 35] . Five peaks were employed to fit the O 1s photoelectron region. These peaks are expected for oxides, hydroxides and carbonaceous contamination. Biesinger et al. reported peaks at 530.1, 531.6 and 533.2 eV for the oxide, hydroxide and hydrated species of chromium [36] . Oxygen in ZrO 2 and Al 2 O 3 is expected to display peaks at 530.5 and 531.5 eV respectively.
The fitting of the Cr 2p3/2 peak is shown in Fig. 12 . The fitting in Fig. 12(a) includes the presence of chromium fluoride [37, 38] , which has not been considered in previously reported XPS data [12, 13, 39] . The overall chromium species include Cr(OH) 3 (577.28 eV), Cr 2 (SO 4 ) 3 (578.49 eV), CrF 3 (580.03 eV) with 59.7, 28.6, and 10.4% of the total chromium being associated with the respective species. Small peaks [38] . These peaks are close to the detection limits of the analysis and fitting procedure, and indicate an upper limit on the Cr(VI) of 1.3% of the total chromium. This amount of Cr(VI) would represent ≈0.03 at.% of all the atoms in the analysed region of the coating. Fig. 12(b) shows the fitting of the Cr 2p3/2 peak without considering CrF 3 . The amount of Cr(VI) is now increased to 9.8% of the total chromium, although the fitting is not as good as previously. The measurement of the amount of Cr(VI) was not significantly affected by reduction of Cr(VI) to Cr(III) during the analysis. This was determined from the rate of reduction of CrO 3 powder over a period of 60 h of analysis, which indicated that only ≈1% of the Cr(VI) would be reduced during the usual analysis time for a coating of 2 h. Table 4 compares the atomic concentrations determined by XPS in the outer ≈5 nm of the coating thickness and by RBS and NRA across the total coating thickness. Less fluorine and aluminium are detected by XPS than by RBS, which is consistent with the concentration of fluorine and aluminium being enhanced near the base of the coating. The surface elemental concentration of fluorine determined from the F 2s peak (31.4 eV binding energy) is ≈ 10.6 times greater than that from the F 1s peak (684.9 eV binding energy), indicating enrichment of fluoride in the sub-surface region. The XPS yields an increased concentration of zirconium relative to chromium compared with the ratio determined by RBS, which is possibly related to the difference in the depths of analysis of the two techniques. An increased amount of zirconium at the coating surface may result from zirconium depositing preferentially with the pH increase [26, 30] or from leaching of chromium species from the coating [6] . The latter process may have occurred during the post-treatment of the coated aluminium, which involved immersion in deionized water at 40°C for 120 s and subsequent rinsing in deionized water at room temperature.
Raman spectra for electropolished aluminium and a TCC coating formed for 1200 s in the SurTec 650 solutions under naturallyaerated and de-oxygenated conditions are shown in Fig. 13(a) . The results of the Raman analysis apply to the whole thickness of the coating. Analysis of the coatings by RBS indicated that there was no significant difference in the atomic ratio of chromium to zirconium in the coatings. Furthermore, the coatings were of similar thickness. Fig. 13(b) shows the fittings of the Raman spectra in the range 700 and 1050 cm − 1 for TCC coatings formed under the naturally-aerated condition. The specimens were analysed immediately after the 1200 s immersion treatment in the conversion coating bath followed by drying in cool air. The 438, 804 and 945 cm − 1 peaks in the spectrum of electropolished aluminium are attributed to the air-formed alumina film [40] [41] [42] . The peaks for the coating formed in the naturallyaerated solution reveal the presence of zirconium oxide (ZrO 2 , 233 and 470 cm − 1 ) [43] , chromium hydroxide (Cr(OH) 3 , 536 cm − 1 ) [16] , a mixture of aluminium hydroxide and oxide (438, 804 and 945 cm − 1 ) [41] , Cr(VI) species (866 cm − 1 ) [16, 44] and the S-O bond in a SO 4 2 − -containing compound, such as Cr 2 (SO 4 ) 3 (995, 1050 and 1155 cm − 1 ) [45] . Notably, the peak centred at 866 cm − 1 , indicative of the presence of Cr(VI) species, is consistent in position and shape with either a mixed oxide that contains aluminium oxide, Cr(III) oxide and Cr(VI) oxide or CrO 4 2− [40, 41] . Since the coating was only exposed to air for no more than 1 h before the measurements were made, the Cr(VI) is probably formed during formation of the coating. The Cr(VI) was not detectable when the solution was de-aerated, indicating that the formation of Cr(VI) is associated with reduction of oxygen during the growth of the coating. The reduction of oxygen generates hydrogen peroxide according to the reaction:
The hydrogen peroxide may subsequently oxidize Cr(III) species in the coating, for instance according to the reaction:
The quantitative XPS analysis of the Cr2p and Al2p photoelectron regions in a coating formed for 1200 s under the de-aerated condition is shown in Fig. 14(a, b) respectively. This coating was analysed without immersion or rinsing in deionized water. The fitting of the Cr 2p data included the species used for the naturally-aerated solution, with the addition of Cr 2 O 4 2− species; the Cr(VI) species represent 2.6% of the total chromium in the analysed region. The amount of Cr(VI) is not regarded as significant, being at the limit of detection set by the accuracy of the fitting procedure. The relatively high signal from aluminium metal in the Al2p photoelectron region probably originates from exposure of the metal due to cracking and detachment of the coating. It is suggested that the formation of Cr(VI) species under naturallyaerated conditions is associated with generation of H 2 O 2 by the reduction of dissolved oxygen as O 2 + 2H + +2e − → H 2 O 2 (+ 0.94 V SCE ). The reduction reaction is proposed to take place at sufficiently thin regions of the alumina layer at the base of the coating, where tunnelling of electrons can occur, or at flaw sites in the layer, associated with the influences on the film composition and morphology of Fig. 9 . Possible hydrolysis mechanism of chromium sulphate. Table 3 Elemental concentrations (at.%) determined from XPS analyses of a coating formed on aluminium for 120 s, before and following correction for the carbonaceous overlayer.
Zr 3d
Cr impurities in the aluminium substrate. The H 2 O 2 oxidizes the Cr(III) species that have been transported across the permeable outer coating region, forming Cr(VI) species which can then diffuse toward the coating surface, as shown in Fig. 15 . Cr(VI) species may then be lost to the coating bath. An accurate value for the amount of Cr(VI) species that remain within the coating cannot be given from the present results. The Raman results are qualitative, while the XPS analyses apply only to the outer region of the coating, which has a total thickness of ≈ 80 nm after a coating treatment of 300 s. Furthermore, the presence of CrF 3 interferes significantly with detection of Cr(VI) species. If the CrF 3 is included in the fitting of the Cr 2p peak, the necessity for consideration of Cr(VI) is marginal. If the CrF 3 is excluded from the fitting, an upper limit of ≈ 1 wt.% of Cr(VI) in the coating is estimated, since chromium constitutes ≈ 9.8 wt.% of the coating on the basis of the RBS results of Table 2 , while XPS indicates that a maximum of 9.8% of the chromium may be in the form of Cr(VI). Inclusion of CrF 3 suggested an upper limit on the amount of Cr(VI) of ≈ 0.1 wt.%. These estimates assume that the Cr(VI) is distributed uniformly through the coating thickness. However, this may not be the case if Cr(VI) is formed in the inner coating regions and diffuses outward, in which case a greater amount of Cr(VI) would be expected to be present in the coatings. Fig. 16(a, b) shows the dependence of the impedance on frequency and phase angle-frequency for the aluminium in the non-coated condition and after coating for 60, 300 and 600 s, under naturally-aerated condition, followed by immersion for 120 s in deionized water at 40°C and rinsing in deionized water at room temperature. The EIS data were obtained in 0.1 M Na 2 SO 4 solution. The measurements commenced after a period of 30 min immersion in the solution to allow the OCP to stabilize. The OCPs of the uncoated aluminium and the coatings formed for 60, 300 and 600 s were similar, with values of ≈−1.2 V vs SCE. The EIS data were fitted using the equivalent circuits of Fig. 16(c, d) . The measurements were repeated on three specimens for each condition of the alloy. The average values and standard deviations obtained for the circuit elements, which reveal a good reproducibility of the results, are given in Table 5 .
Electrochemical impedance spectroscopy
The data for the non-coated aluminium were fitted using a simple circuit comprising the solution resistance, i.e. the resistance between the reference electrode and the specimen (R e ), and a parallel combination of a resistance (R ct ) representing the charge transfer resistance and a constant phase element (Q dl ), with an impedance given by Z = (jω) -n Q −1 . The exponent was close to 1 indicating that the impedance was mainly due to the double layer capacitance. The circuit for the coated specimens included an additional resistance (R coat ) and constant phase element (Q coat ) that represent the effects of the coating; n has been associated with the heterogeneity of the TCC coating in previous work [46] . Table 5 reveals that the charge transfer resistance decreases with increase of the time of the coating treatment, with a relatively large decrease occurring after treatment of 300 s. The cause of the decrease is possibly associated with the accumulation of fluoride ions at the base of the coating, which thin the alumina film present on the aluminium substrate. In contrast, the coating resistance increases with increase of the treatment time, which may be due to a combination of an increase in the coating thickness and change in the coating morphology, for instance a reduction in pore size. The values of the coating resistance are much lower than those of the charge transfer resistance and are of the order of the solution resistance. Hence, the corrosion protection is mainly provided by the aluminium-rich, inner layer of the coating. However, the low frequency impedance of the aluminium coated for 300 and 600 s was lower than that of the uncoated aluminium and the aluminium coated for 60 s. The reduced impedance of the former specimens is possibly related to the accumulation of fluoride ions near the base of the coating, which was evident by analytical TEM in a coating formed for 300 s. The presence of the fluoride ions then reduced the protection provided by the aluminium-rich layer. The relatively low resistance of the coating indicates its permeability that allows access of the electrolyte to the substrate through pores and cracks. The most inhomogeneous coating, as indicated by a relatively low value of n, is that formed for 600 s, which is consistent with the earlier findings from SEM of increased cracking and detachment of the coating. The effective capacitances per unit area of the coatings formed for 60, 300 and 600 s are given by C eff = Q 1/n R (1 − n)/n , where R represents the ohmic resistance of the electrolyte [46] [47] [48] . The maximum effective capacitance per unit area of the inner double layer was measured as ≈3.2 μF/cm 2 for the specimen coated for by a treatment of 600 s; the value is in good agreement with that reported by Guo and Frankel [6] .
Conclusions
1. The trivalent chromium conversion coating formed on the high purity aluminium consists of two main layers. The outer layer, which constitutes most of the coating thickness, consists of AlF 3 , Al 2 O 3 , AlOxF, Cr(OH) 3 , CrF 3 , Cr 2 (SO 4 ) 3 , ZrO 2 and ZrF 4 species. The inner layer is aluminium-rich, with the presence of oxide and fluoride species. The inner coating layer provides the main corrosion protection. 2. The average rate of coating growth for treatment times up to 300 s is ≈0.27 nm s −1 . Thereafter, the growth rate slows significantly, which is due to hindered transport of reactant and product species by the thickening coating layers or changes in the composition and thickness of the inner layer that affect the rate of electron tunnelling. 3. The coatings may partly detach from the aluminium substrate during rinsing with water shortly after their formation. Furthermore, cracks develop in coatings formed after ≈ 60 to 300 s. The cracks are probably initiated by stress in the coating related to drying of the coating. 4. Raman spectroscopy revealed qualitatively the presence of Cr(VI) species in the coating and provided evidence of the role of oxygen in Cr(VI) formation. The presence of CrF 3 interferes with the analysis of Cr(VI) species by XPS. With the assumption of a uniform distribution of Cr(VI) in the coating, the amount of Cr(VI) was estimated as ≈0.1 to 1% of the coating weight. Fig. 16 . Dependence of the modulus of the impedance on (a) frequency and (b) phase angle for the bare aluminium in the non-coated condition and following coating for 60, 300 and 600 s. The specimens were post-treated by immersion for 120 s in deionized water at 40°C. The impedance measurements were carried out in 0.1 M Na 2 SO 4 solution. The equivalent circuit models for uncoated and coated aluminium are shown in (c) and (d) respectively.
Table 5
Parameters of TCC coatings/Al systems in 0.1 M sodium sulphate solution obtained from EIS data using the equivalent circuits of Fig. 16(c) 
